Abstract. Phytoplankton-grazer dynamics are often characterized by long transients relative to the length of the growing season. Using a phytoplankton-grazer model parameterized for Daphnia pulex with either flexible or fixed algal carbon : nutrient stoichiometry, we explored how nutrient and light supply (the latter by varying depth of the mixed water column) affect the transient dynamics of the system starting from low densities. The system goes through an initial oscillation across nearly the entire light-nutrient supply space. With flexible (but not with fixed) algal stoichiometry, duration of the initial algal peak, timing and duration of the subsequent grazer peak, and timing of the algal minimum are consistently accelerated by nutrient enrichment but decelerated by light enrichment (decreasing mixing depth) over the range of intermediate to shallow mixing depths. These contrasting effects of nutrient vs. light enrichment are consequences of their opposing influences on food quality (algal nutrient content): algal productivity and food quality are positively related along a nutrient gradient but inversely related along a light gradient. Light enrichment therefore slows down grazer growth relative to algal growth, decelerating oscillatory dynamics; nutrient enrichment has opposite effects. We manipulated nutrient supply and mixing depth in a field enclosure experiment. The experimental results were qualitatively much more consistent with the flexible than with the fixed stoichiometry model. Nutrient enrichment increased Daphnia peak biomass, decreased algal minimum biomass, decreased the seston C:P ratio, and accelerated transient oscillatory dynamics. Light enrichment (decreasing mixing depth) produced the opposite patterns, except that Daphnia peak biomass increased monotonously with light enrichment, too. Thus, while the model predicts the possibility of the ''paradox of energy enrichment'' (a decrease in grazer biomass with light enrichment) at high light and low nutrient supply, this phenomenon did not occur in our experiment.
INTRODUCTION
When studying ecological models, theoreticians typically focus on their limit sets, such as locally stable or unstable equilibria, limit cycles, and chaotic trajectories (May 1975, Gurney and Nisbet 1998) . However, environmental conditions often vary over time scales that are significantly shorter than the time needed to reach an attractor (Hutchinson 1961, DeAngelis and Waterhouse 1987) . It is increasingly recognized that times to reach an attractor can be very long and that a better understanding of transient dynamics is sorely needed (Huisman and Weissing 2001 , Hastings 2004 , Neubert et al. 2004 ). Both stable and unstable limit sets can influence the transient dynamics (Cushing et al. 1998) , so knowledge about them is still useful, but they do not paint the entire picture.
The predominance of transient dynamics is particularly evident in planktonic systems in seasonal environments such as temperate lakes. These systems are usually driven by fluctuations in water temperature, solar irradiation, and terrestrial runoff and associated variation in thermal stratification and nutrient supply (Sommer 1986 , Reynolds 1988 . In addition, the tight coupling of many planktonic resource-consumer interactions tends to promote oscillations under a large range of environmental conditions (McCauley et al. 1999 , Fussmann et al. 2000 , Huisman and Weissing 2001 , Scheffer et al. 2003 . Sommer (1985) concluded for phytoplankton communities that ''steady state is the exception rather than the rule.'' This conjecture probably applies to many ecosystems, making studies of transient dynamics an important field of ecological research (DeAngelis and Waterhouse 1987, Hastings 2004) .
In deep, temperate lakes, seasonal succession of the plankton is usually initiated by spring circulation bringing nutrients to the water surface and subsequent 3 E-mail: jaeger@zi.biologie.uni-muenchen.de thermal stratification creating a well-lit mixed surface layer, both of which stimulate planktonic primary production ). The resulting phytoplankton spring bloom is frequently terminated by the grazing activity of a growing crustacean zooplankton population producing the ''clearwater phase,'' a period of low phytoplankton biomass; the latter, in turn, is often followed by a crash of the crustacean population that has temporally overexploited its resource base , Sarnelle 1993 , Talling 2003 . Empirical evidence suggests that the magnitude and timing of such transient producer-grazer oscillations depend on the nutrient and light regime, with more nutrient rich and more shallow systems experiencing earlier and more pronounced phytoplankton and zooplankton peaks and troughs , Berger et al. 2007 . The above patterns are probably a consequence of higher algal and grazer growth rates (stimulated by higher nutrient and/or light supply) speeding up and intensifying successional events. Because phytoplankton is passively entrained in well-mixed water bodies, a shallower mixed water column implies higher average light availability and increased specific primary production (Huisman 1999 . In a shallower water column a smaller fraction of the external light supply is ''consumed'' by abiotic absorbents (water molecules, suspended solids, and solutes derived from the catchment) and, consequently, more light is available for photosynthesis. Decreasing mixing depth is therefore a form of light enrichment and has similar consequences for primary production as has nutrient enrichment (Diehl 2002) .
Nutrient and light supply do, however, not only affect the growth rate of phytoplankton, but also its carbon to nutrient stoichiometry. For example, when light supply is high relative to phosphorus availability, phytoplankton biomass tends to be carbon rich and phosphorus poor (Sterner et al. 1997 , Berger et al. 2006 . This may create a mismatch with the nutritional needs of grazers such as Daphnia spp., whose body composition is characterized by a relatively low carbon to phosphorus (C:P) ratio Hessen 1991, Sterner et al. 1993 ). An increase in light supply may therefore decrease grazer production if the benefits of increased food quantity (increased algal carbon fixation) are outweighed by decreased food quality (increased algal C:P ratio) and, thus, decreased conversion efficiency of algal into Daphnia biomass (reviewed in Andersen et al. [2004] ). Flexible algal C:P stoichiometry is therefore likely to affect the timing and magnitude of transient producer-grazer oscillations, because phytoplankton peaks should often be associated with high C:P ratios (i.e., low quality) of algal biomass. Long delays in the buildup of Daphnia population peaks have indeed been observed in the presence of high biomasses of low quality (high C:P) algal food (Sommer 1992 , Urabe et al. 2002 .
In summary, empirical evidence and conceptual considerations suggest that transient phytoplanktongrazer dynamics should be greatly influenced by nutrient supply and mixing depth. Both factors may vary substantially among lakes within a limited geographic region and are thus highly relevant to study. Here we explore how nutrient supply and mixing depth affect the dynamics of a phytoplankton-grazer system starting from low population densities until the end of the first grazer peak, when natural phytoplankton communities often shift toward less edible taxa , Sarnelle 1993 . Using a producer-grazer model parameterized for Daphnia feeding on edible algae, we first explore how the timing and magnitudes of population peaks and troughs are affected by nutrient supply and mixing depth. While it is well documented that the carbon to nutrient stoichiometry of primary producers changes depending on environmental conditions, it is unclear how such a flexible stoichiometry affects transient producer-grazer dynamics. To examine the potential importance of variable algal stoichiometry, we therefore investigated two variants of the model, one with fixed and one with flexible algal C:P ratio. We then compare the two model outputs with the results of a field enclosure experiment in which we manipulated nutrient supply and mixing depth in a factorial design.
Model structure
The models describe the growth of a grazer population with fixed carbon : nutrient stoichiometry feeding on a phytoplankton population with either flexible or fixed carbon : nutrient stoichiometry in a well-mixed water column of depth z. Both models assume that phytoplankton and grazer production are limited by energy (in the form of light and food carbon, respectively) and a single mineral nutrient (assumed to be phosphorus) and describe the dynamics of five state variables: the concentrations of algal (A) and grazer (G) carbon biomasses and of dissolved mineral nutrients (R), a pool of sedimented (detrital) nutrients (R s ), and the light intensity (I(s)) at depth s of the water column. The nutrient content (quota) per algal carbon biomass (Q), is a sixth state variable in the flexible stoichiometry model but a constant parameter in the fixed stoichiometry model. The system is mixed to the sediment surface and closed for nutrients. Thus, nutrient supply to the perfectly well-mixed water column originates exclusively from excretion and from remineralization of sedimented biomass. The total amount of nutrients in the system (expressed as the concentration
is then a measure of nutrient enrichment.
The dynamic equations of the two model variants are listed in Table 1 and all state variables and parameters  are defined in Table 2 . The underlying assumptions are motivated in detail in Diehl et al. (2005) and Diehl (2007) and are only briefly described here. We assume grazers to have constant respiration and death rates, a saturating functional response, and to use ''synthesizing units'' (Kooijman 1998 (Kooijman , 2000 to produce new biomass with a fixed carbon-to-nutrient stoichiometry. The synthesizing unit formulation describes grazer growth as a smooth, continuous function of carbon and nutrient intake. Algal growth is co-limited by light and nutrients as described by a multiplicative, saturating function of light intensity and either the algal nutrient quota (flexible stoichiometry model) or the external nutrient concentration (fixed stoichiometry model). Vertical light attenuation follows Lambert-Beer's law. Algae respire carbon at a constant rate and settle out of the water column at a rate proportional to their sinking velocity and inversely proportional to mixing depth. Nutrients stored in dead grazers and sedimented algae enter the sedimented nutrient pool, where they are mineralized and returned to the water column at a constant rate. Nutrients excreted by grazers go directly into the pool of dissolved mineral nutrients. Algal nutrient uptake is an increasing function of the external nutrient concentration and, in the flexible stoichiometry model, also a decreasing function of internal algal nutrient stores. Finally, algal nutrient quota is, by definition, constant in the fixed stoichiometry model, while it increases through nutrient uptake and carbon respiration and decreases through growth in the flexible stoichiometry model.
MODEL ANALYSES: GENERAL APPROACH
We performed numerical simulations to explore how mixing depth and nutrient supply influence the transient dynamics of the two algae-grazer models when started from low population densities. We investigated combinations of 39 mixing depths (evenly spaced between one and 20 m) with four levels of nutrient enrichment (initial concentration of mineral phosphorus: 5, 10, 20, or 50 mg P/m 3 ) spanning most of the range of conditions encountered in temperate lakes. The remaining environmental and algal parameter values and initial conditions (listed in Table 2 ) are representative of a generic temperate clearwater lake inhabited by phytoplankton with average traits. We took parameter values for Daphnia pulex from McCauley et al. (1996) and Nisbet et al. (1997) . All parameter values are close to identical to the ones used in Diehl (2007) , with the exception of background turbidity and algal sinking velocity, which were adapted to the experimental conditions.
The temporal dynamics of the system depend on mixing depth and nutrient enrichment, which we illustrate with a few examples of the dynamics of algae, algal cell quota, and grazers in the flexible stoichiometry model (Fig. 1) . Further examples and the concomitant nutrient dynamics are shown in Appendix A. Independent of whether algal stoichiometry is flexible or fixed, 
Conversion of einsteins to SI units: 1 E ¼ 1 mol photons. algae and grazers go through at least one oscillation for most combinations of nutrient enrichment and mixing depth: phytoplankton initially increases followed by a buildup of grazers that overgraze their algal food base; the resulting reduction of algal biomass is followed by a crash of the grazer population. These transient algaegrazer oscillations subsequently decay to an equilibrium (e.g., Fig. 1b ) or settle to a limit cycle (e.g., Fig. 1c) .
We characterized the initial algae-grazer dynamics by the following metrics: (1) algal biomass at the first algal peak; (2) time to the first algal peak; (3) algal food quality (C:P ratio) at the time of the first algal peak (only flexible stoichiometry model); (4) duration of the first algal peak (arbitrarily defined as the number of days with .50% of peak biomass); (5) grazer biomass at the first grazer peak; (6) time to the first grazer peak; (7) algal food quality (C:P ratio) at the time of the first grazer peak (only flexible stoichiometry model); (8) duration of the first grazer peak (number of days with .50% of peak biomass); (9) algal biomass at the first minimum following the algal peak; and (10) time to the first algal minimum.
Several of these behaviors do not always occur. When grazers approach a stable equilibrium without overshooting ( Fig. 1a) , we counted the equilibrium grazer biomass as equivalent to the maximum biomass and defined the day of the maximum as the day when grazer biomass reaches equilibrium. A peak duration is, however, not meaningful to define in this case as well as in the case when an initial grazer peak does not decline to ,50% of its maximum. Similarly, when algal biomass declines from an initial peak toward a stable equilibrium without producing a minimum (Fig. 1a) , we counted equilibrium biomass as equivalent to minimum biomass and defined the day of minimum as the day when algal biomass reaches equilibrium. When grazers cannot persist and the population dies out soon after the start, none of the above metrics was calculated. This case occurred under very restricted conditions of low nutrient levels (R tot ¼ 5 mg P/m 3 ) combined with shallow mixing depths (z , 4.5 m and z , 2 m in the flexible and fixed stoichiometry models, respectively).
We report the results of numerical simulations starting from low initial densities (A ¼ 50 mg C/m 3 , G total nutrients in the system, expressed by volume
Q is a constant parameter in the fixed stoichiometry model but a variable in the flexible stoichiometry model. à Range of environmental conditions examined.
§ Initial values.
¼ 1 mg C/m 3 ). In Appendices C and D we show that these results are qualitatively closely approximated by properties of the asymptotic model behavior and by properties of boundary equilibria (see also Table 3 ). As long as initial population densities are reasonably low, the results, summarized in Figs. 2 and 3, are thus independent of initial conditions (this was confirmed by numerical simulations with initial algal and grazer biomasses up to 250 and 5 mg C/m 3 , respectively) and are therefore representative for the full range of initial conditions typical for the beginning of the season in a temperate lake.
MODEL ANALYSES: RESULTS

Flexible stoichiometry model: effects of nutrient enrichment
With increasing mixing depth algal production becomes increasingly limited by light. At the deepest mixing depths algae-grazer dynamics are therefore largely independent of nutrient supply (see Appendix A: Fig. A1e vs. f ). Consequently, all metrics characterizing transient dynamics converge toward deeper mixing depths, and most nutrient effects are the stronger the shallower the system (Fig. 2) . At shallow and intermediate mixing depths nutrient enrichment enhances algal growth and increases algal nutrient content (reduces algal C:P; see Fig. 1a vs. d and Fig. 2c, g ). Improved food production and quality, in turn, accentuate and speed up grazing-driven dynamics: with increasing nutrient enrichment the initial grazer peak becomes higher (Fig. 2e) , is reached earlier (Fig. 2f ) , and lasts for a shorter period (Fig. 2h) . The latter occurs because more grazers drive algae to a lower minimum (Fig. 2i ) that is reached earlier (Fig. 2j) . Thus, with increasing nutrient enrichment grazers overexploit their food resource faster and more strongly, resulting in a shorter duration of the grazer peak.
Highly productive algae may temporarily escape from grazer control (see Fig. 1a, b, d ). At shallow to intermediate mixing depths (where light supply is sufficient) nutrient enrichment therefore prolongs the initial algal growth phase: the algal peak is reached slightly later and attains higher levels than at low nutrient enrichment (Fig. 2a, b) . Nutrient enrichment nevertheless shortens the duration of the algal peak in shallow systems (Fig.  2d) because the grazer population catches up more quickly and grazes down the algal peak faster.
Flexible stoichiometry model: effects of mixing depth
Transient responses to mixing depth can be broadly categorized into two patterns along the mixing depth gradient: (1) unimodal (e.g., algae and grazer maxima) or (2) monotonously declining to U-shaped (e.g., timing and duration of most transient events) (Fig. 2) . These patterns are explained as follows. Going from intermediate to deep mixing depths, increasing light limitation slows down algal growth and overall dynamics. Consequently, timing and duration of all transient events are increasingly delayed and peak biomasses are reduced toward the deepest mixing depths (Fig. 2) . Going from intermediate to shallow mixing depths, algal nutrient content at the algal peak may become so low (algal C:P may become so high; Fig. 2c ) that grazers increase very slowly in spite of high food abundance. Grazers therefore reach their first peak later and peak biomass is lower at shallow than at intermediate mixing depths (Fig. 2e, f ) . Consequently, grazers in shallow systems do not overexploit algal resources as much (the algal minimum is higher and occurs later; Fig. 2i , j) allowing the grazer peak to last longer compared to intermediate mixing depths (Fig. 2h) .
The described mechanisms operate most strongly at low to intermediate nutrient levels. At higher nutrient levels algal quality is high even in shallow water and all decreasing and U-shaped responses to mixing depth flatten out (Fig. 2) . The unimodal responses of peak biomasses are, instead, more accentuated at higher nutrient levels because production responds most strongly to nutrients at shallow mixing depths where light is abundant. At the shallowest mixing depths algal biomass decreases, however, again due to high sinking losses (this would not happen with neutrally buoyant algae). The decline of grazer peak biomass at the shallowest mixing depths depends, instead, largely on the declining food quality at the algal biomass peak and would therefore be observed also with neutrally buoyant algae.
Fixed stoichiometry model
We illustrate the results for the fixed stoichiometry model with an example where the algal C:P ratio was fixed at the Redfield ratio. Using a different fixed algal C:P ratio yields the same qualitative patterns. The flexible stoichiometry model's biomass responses to nutrient supply and mixing depth are also observed in the fixed stoichiometry model. Algal and grazer peaks increase and the algal minimum decreases with nutrient enrichment. Similarly, algal and grazer peaks are unimodally related to mixing depth, and the algal minimum in a U-shaped manner, because algal net production is limited by sinking losses at shallow and by light at deep mixing depths (see Appendix B: Fig.  B1a, d, g ).
In contrast, most metrics describing the timing of events differ between the two models. Ignoring cases where grazers approach an equilibrium without a transient oscillation (dashed lines in Fig. 3 ), the duration of the algae and grazer peaks, the day of the grazer peak, and the day of the algal minimum all increase more or less monotonically with mixing depth in the fixed stoichiometry model (Fig. 3a-d ), which contrasts with the mostly decreasing or U-shaped responses in the flexible stoichiometry model (Fig. 2d, f, h, j) . This difference arises because, with flexible stoichiometry, grazer growth is slowed down by decreasing food quality at shallow mixing depths, a phenomenon that cannot arise with fixed stoichiometry. Finally, while at shallow mixing depths nutrient enrichment speeds up the timing of most events in the flexible stoichiometry model (Fig.  2d, f, h, j) , such a remarkable effect of nutrient enrichment is not seen in the fixed stoichiometry model (Fig.  3a, b, d ). The explanation for this difference is that nutrient enrichment may considerably improve algal Algal biomass at the first algal peak equilibrial algal biomass in system without grazers 0.85*** 0.56*** Time to the first algal peak inverse of specific growth rate of algal population invading an empty system 1.00*** 0.97*** Algal C:P ratio at the first algal peak algal C:P ratio in system without grazers 0.99*** Duration of the first algal peak inverse of specific growth rate of grazer population invading an algal monoculture at equilibrium 0.63*** 0.48*** Grazer biomass at the first grazer peak grazer biomass at grazer maximum on limit cycle, or equilibrium grazer biomass 0.92*** 0.94*** Time to the first grazer peak inverse of specific growth rate of grazer population invading an algal monoculture at equilibrium 0.65*** 0.35*** Algal C:P ratio at the first grazer peak algal C:P ratio at grazer maximum on limit cycle, or algal C:P ratio at grazer equilibrium Effects of mixing depth (z) and initial dissolved phosphorus concentration (as indicated by legend) on: (a) algal biomass at the first algal peak; (b) time to the first algal peak; (c) algal carbon to phosphorus ratio at the first algal peak; (d) duration of the first algal peak (number of days with .50% of peak biomass); (e) grazer biomass at the first grazer peak; (f ) time to the first grazer peak; (g) algal carbon to phosphorus ratio at the first grazer peak; (h) duration of the first grazer peak (number of days with .50% of peak biomass); (i) algal biomass at the first minimum following the algal peak; and ( j) time to the first algal minimum. Dashed lines indicate that the initial grazer peak does not decline to ,50% of its maximum (which implies that a grazer peak duration cannot be defined). Parameter values are as in Table 2. quality (especially at shallow mixing depths) which, in turn, speeds up algal and grazer growth rates. Such an effect is only possible in the flexible stoichiometry model. Thus, algal and grazer responses to nutrient enrichment differ qualitatively and quantitatively between the two models, especially at shallow mixing depths.
Analytical approximations to transient dynamics
How robust are the previously described results against changes in initial conditions? While our numerical simulations produced similar results over a broad range of initial conditions, it is actually possible to obtain the qualitative response pattern of the first transient oscillation to nutrient and light enrichment without numerical simulations. In Appendix C, we illustrate that transient responses of the flexible stoichiometry model to light and nutrient supply are qualitatively well approximated by properties of the asymptotic attractor and of boundary equilibria with one or both species missing, which we call ''analytical correlates.'' Specifically, the following intuitive relationships emerge (Table 3) : (1) algal biomass and C:P ratio at the first algal peak correlate with equilibrial algal biomass and C:P ratio in a system without grazers; (2) time to the first algal peak correlates inversely with the specific growth rate of an algal population invading an empty system; (3) duration of the first algal peak, time to the first grazer peak, and time to the first algal minimum all correlate inversely with the specific growth rate of a grazer invading an algal monoculture at equilibrium; and (4) grazer biomass and algal C:P ratio at the first grazer peak, duration of the grazer peak, and algal biomass at the first algal minimum correlate with the corresponding quantities evaluated on the system's limit cycle or at its stable equilibrium, whichever applies.
To quantify the match between properties of the first oscillation and their analytical correlates, we calculated rank correlations between them across the grid of environmental parameters used in the numerical simulations (39 mixing depths times four nutrient levels); because not all simulations runs yielded transient oscillations (see dashed parts of the lines in Fig. 2) , sample size was 136 rather than 156. For the flexible stoichiometry model all 10 possible correlations are good to excellent (Table 3) . With the exception of (3), this is also true for the fixed stoichiometry model (Table  3 ; Appendix D, which includes an explanation for the deviation from pattern [3]).
FIELD EXPERIMENT: MATERIAL AND METHODS
Study site and experimental design
The enclosure experiment was carried out in Lake Brunnsee near the University of Munich's Limnological Research Station at Seeon (90 km east of Munich, Germany; see Plate 1). Chlorophyll a concentrations in this low productive hardwater lake are usually , 3   FIG. 3 . Fixed stoichiometry model predictions. Effects of mixing depth (z) and initial dissolved phosphorus concentration (as indicated by legend) on: (a) duration of the first algal peak (number of days with .50% of peak biomass); (b) time to the first grazer peak; (c) duration of the first grazer peak (number of days with .50% of peak biomass); and (d) time to the first algal minimum. Dashed lines indicate that the initial grazer peak does not decline to ,50% of its maximum (which implies that a grazer peak duration cannot be defined). Parameter values are as in Table 2 with Q (nutrient content quota per algal carbon biomass) fixed at the Redfield ratio (1/41 mg P/mg C). mg/m 3 , Secchi depth is 7-15 m, and total phosphorus concentrations are 4-10 mg/m 3 . Other nutrients are available far in excess of algal needs .
We crossed four enclosure depths (1, 3, 6, and 12 m) with three nutrient levels (ambient and addition of 20 or 50 mg P/m 3 ) in two replicates per treatment. The enclosures (cylindrical, transparent plastic bags of 0.95 m diameter, heat sealed at the bottom and open to the atmosphere) were suspended from a raft. Well-mixed conditions were maintained by intermittently blowing air into the bottom of each enclosure (for 3 min every 40 min). To prevent differences in temperature between the different depth treatments, we surrounded the raft with a 13 m deep bag of clear plastic. The water inside this bag was intermittently mixed (for 6 min every 20 min), creating a water bath of homogeneous temperature for 20 enclosures. The remaining enclosures (four 12 m deep replicates) had to be suspended outside the water bath and were mixed at the same interval as the latter. Average enclosure temperature decreased over the course of the experiment from an initial 19.28C to 13.28C at the end. The mixing was highly effective. Vertical temperature gradients were negligible and any two enclosures inside the water bath differed by ,0.98C. The four outside enclosures were on average 1.58C warmer than the corresponding 12-m enclosures inside the water bath.
For logistical reasons we had to perform the experiment in late summer rather than in spring. Because Lake Brunnsee receives a constant input of silicon rich spring water, spring and summer phytoplankton communities do, however, not differ greatly. In both seasons, the edible central diatom Cyclotella spp. usually makes up !50% of total phytoplankton biovolume. We therefore expected the starting community to not deviate substantially from a typical spring community in Lake Brunnsee. This is supported by a detailed comparison of the starting community in this experiment and an experiment conducted in the following spring (Berger et al. 2007) , which gave 55% compositional overlap at the genus level and .80% overlap at the level of algal classes (C. Matauschek and G. Trommer, unpublished data).
On 16-19 August 2004 we filled the enclosures with 30-lm filtered epilimnetic lake water to remove larger zooplankton and any larger inedible algae from the initial community. On 23 August we stocked Daphnia hyalina (the naturally occurring Daphnia species in the lake) at a density of ;0.5 individuals/L. Because previous experiments suggested that D. hyalina need one to two weeks of acclimation to enclosure conditions before the population starts to grow, we added phosphorus to fertilization treatments in two doses (50% each time, loaded as KH 2 PO 4 ) on 30 August and 6 September. Subsequently, we labeled 30 August as day 0 (and 23 August as day À7). Counting from day 0, the experiment lasted for 49 days until 19 October.
Sampling program and laboratory analyses
All enclosures were sampled once per week. We measured water temperature and electrical conductivity in vertical steps of 1 m. Water column samples were 250-lm filtered to remove mesozooplankton. Concentrations of dissolved inorganic phosphorus (SRP), particulate phosphorus (PP), and total phosphorus (TP) were measured with standard methods (Wetzel and Likens 1991) . Seston particulate organic carbon (POC) was filtered on precombusted glass fiber filters (GF6, Schleicher and Schuell, Dassel, Germany) and determined by infrared spectrophotometry (C-Mat 500, Stro¨hlein, Korschenbroich, Germany).
Phytoplankton samples were immediately preserved with acid Lugol's iodine and later counted in an inverted microscope (Utermo¨hl 1958) . In each sample we counted at least 100 cells from every abundant taxon and measured 20-50 cells. Length measurements were first converted to biovolume using appropriate geometrical forms (Hillebrand et al. 1999 ) and then to carbon biomass using a conversion factor for cells fixed in Lugol's iodine of 1 lm 3 cell volume equals 0.145 pg carbon (Montagnes et al. 1994 ).
Because our model considers phytoplankton to be edible, we exclude grazing resistant taxa from the analyses presented here. Thus, the subsequently presented data on algal biomass refer to the summed carbon biomass of all ''edible'' taxa. Phytoplankton taxa were considered edible for D. hyalina when their longest axial dimension did not exceed 30 lm (Burns 1968) . Cyanobacteria, which never exceeded 7% of total algal biomass, were generally considered as grazing resistant regardless of cell size (Briand and McCauley 1978, Sommer et al. 2001) .
Zooplankton samples were taken by vertical hauls with a 250-lm mesh net from the enclosure bottom to the water surface. Samples were immediately frozen and subsequently counted under a dissecting microscope. In each sample we measured the lengths of 30 haphazardly chosen D. hyalina and counted the eggs in their brood pouches. We calculated the dry masses of D. hyalina as W ¼ 5.59 3 L 2.2 , where W is dry mass in micrograms and L is length in millimeters (Stibor and Lu¨ning 1994) . The dry mass of eggs was estimated as 1.415 lg/egg (Lynch et al. 1986 ). Total dry mass (including eggs) was converted to carbon biomass using a conversion factor of 0.46 g C per g dry mass (Andersen and Hessen 1991) .
Data processing and statistics
In accordance with model expectations, Daphnia time series showed one fairly distinct, transient peak in all but one replicate (Appendix E). The latter was subsequently excluded from all analyses. In order to estimate the magnitude, timing, and duration of the Daphnia peak with a finer resolution than our weekly sampling interval, we fitted a smooth, continuous function to each Daphnia time series. The following Weibull function gave an excellent fit to most time series (Appendix E; see also Berger et al. [2007] ):
where G(t) is Daphnia biomass (mg C/m 3 ) m, a, and b are fitted parameters, and t is time in days since day 0 of the experiment. Magnitude, timing, and duration of each Daphnia peak were subsequently estimated from the fitted functions. With very few exceptions, these estimates were very close to the directly measured values (Appendix E). We used the fitted values because of their continuous time resolution and because they use information from all sampling dates and therefore should be less influenced by single measurement errors.
Most replicates deviated from model expectations in that they did not show a transient phytoplankton peak; phytoplankton biomass did, however, always reach a minimum during or after the Daphnia peak (Appendix F: Fig. F1 ). No single function could be fitted to the diverse patterns of phytoplankton time series. We therefore estimated the timing of the phytoplankton minimum and the corresponding minimum biomass directly from the data.
To statistically analyze the effects of mixing depth and nutrients on response variables we performed two-way ANOVAs with enclosure depth and fertilization level as fixed factors. To improve homogeneity of variances we log-transformed all biomass and nutrient data. Note: For all dependent variables, df ¼ 2, 11 for fertilization, df ¼ 3, 11 for mixing depth, and df ¼ 6, 11 for their interaction.
RESULTS
At the start of the experiment, TP concentration in the unfertilized treatments was ;7 mg P/m 3 with no measurable SRP and ;4 mg P/m 3 of dissolved organic P (determined as the difference TP À [SRP þ particulate P]). The TP concentration decreased over time because of sedimentation losses. In most treatments edible phytoplankton biomass decreased over time without reaching a peak, but showed a minimum after 21-49 days. In contrast, Daphnia biomass increased in all but one replicate and reached a peak after 13-35 days. In most fertilized (but not in the unfertilized) treatments inedible algae became abundant about one week after the Daphnia peak. Inedible algae were dominated by the filamentous chlorophyte Mougeotia, which became noticeable as detached wall growth in the fertilized enclosures from day 21 on. The measured seston C:P ratios are therefore based on a mix of edible and inedible algae. The time trajectories of the biomasses of edible phytoplankton and Daphnia are shown for all replicates in Appendix F: Fig. F1 , and the time trajectories of seston C:P ratio and TP concentration are shown in Appendix F: Fig. F2 . Rather than describing these results in detail, we focus on a comparison of the observed transient dynamics with model expectations using the metrics defined in the section Model analyses: General approach. Because we do not have access to parameter values characterizing D. hyalina and because algal parameter values are not specific to our system, we compare data with model expectations in a qualitative rather than a quantitative manner. Because there was no phytoplankton peak in most enclosures, we focus on the grazer peak, the seston C:P ratio, and the phytoplankton minimum.
Transient Daphnia peak.-As expected from both models, peak biomass of Daphnia decreased toward deeper mixing depths and was higher at higher levels of nutrient enrichment (Fig. 4a, Table 4 ). Also as expected, the positive effect of nutrient enrichment was highest at the shallowest mixing depth (marginally significant depth by fertilization interaction; Table 4 ). In contrast to expectations, peak biomass was not unimodally related to mixing depth.
Nutrient enrichment speeded up Daphnia dynamics: the Daphnia peak occurred earlier (predicted by both models) and lasted shorter (predicted by the flexible stoichiometry model) at higher nutrient levels (Fig.  4b, d ). Daphnia dynamics were slower (the peak occurred later and lasted longer) at shallow compared to intermediate mixing depths (predicted by the flexible stoichiometry model). Compatible with both models, this trend was reversed toward the deepest mixing depths in some nutrient treatments (depth by fertilization interaction; Table 4 ).
Seston C:P ratio.-The seston C:P ratio at the time of the Daphnia peak decreased with nutrient enrichment and with increasing mixing depth ( Fig. 4c ; predicted by the flexible stoichiometry model). In contrast to expectations, this mixing depth trend was, however, only observed in the fertilized enclosures (depth by fertilization interaction; Table 4 ). In the unfertilized enclosures, seston C:P ratios at the Daphnia peak were generally fairly high and unrelated to mixing depth.
Phytoplankton minimum.-The phytoplankton biomass minimum occurred earlier (predicted by the flexible stoichiometry model) and reached lower levels (predicted by both models) at higher nutrient enrichment (Fig.  4e, f ) . Both the timing and magnitude of minimum biomass showed a weak tendency (predicted by both models) to decline from shallow to intermediate mixing depth, but these trends were not statistically significant (Table 4) .
DISCUSSION
Analyses of transient dynamics
Transient population dynamics have long received very little attention in theoretical ecology. While new methods have recently been developed to characterize transient dynamics of systems with stable equilibria Caswell 1997, Neubert et al. 2004) , the producer-grazer systems we investigated lack stable equilibria over large parts of the light-nutrient supply space (Diehl 2007) . The exploration of transient dynamics through numerical simulation is daunting because a system's transients depend both on its asymptotic attractor(s) and on an unlimited set of initial conditions. However, many initial conditions are unlikely to occur in nature. The exploration of transient dynamics can therefore be restricted to the most relevant initial conditions. Planktonic producer-grazer systems in temperate lakes are regularly set back to low population densities during winter ). We have therefore focused our exploration of transient dynamics to an initial condition where both population densities are low. It is nevertheless important to note that, although the long-term dynamics of the algae-grazer system may not be reached on an ecologically meaningful time scale, long-term attractors play an important role in shaping transient dynamics. This is illustrated by the analyses using the analytical correlates. These analyses suggest that the qualitative response patterns of the two models depicted in Figs. 2 and 3 (and Appendix B) are robust against changes in initial conditions (as long as initial population densities are sufficiently low that a sequence of an algae and grazer peak is observed) and therefore provide a solid basis for comparison with empirical data.
Similar to our phytoplankton-Daphnia models, most consumer-resource models with biotic resources go through transient oscillations when started from low densities (Murdoch et al. 2003) . Our description of transient dynamics in terms of the magnitude, timing, and duration of population peaks and troughs should therefore be of general applicability. It is possible to characterize small oscillations rigorously in terms of the characteristic equation of the equilibrium (Gurney and Nisbet 1998) , but the period of a large amplitude limit cycle is usually much larger than that of the corresponding oscillations closer to equilibrium. Furthermore, the first oscillation frequently deviates substantially from subsequent ones (e.g., Fig. 1b-d) . We have therefore explored the initial, oscillatory dynamics of our model primarily through numerical simulation.
Opposing effects of light vs. nutrient enrichment on population coupling and interaction strength
Inside a parameter region ( 20 mg P/m 3 and 10 m mixing depth) where the algal C:P ratio is highly sensitive to changes in nutrient and light supply, transient dynamics are accelerated by nutrient enrichment but slowed down by light enrichment in the flexible stoichiometry model. These opposing effects of nutrient vs. light enrichment are explained by the negative influence of increased algal C:P ratio on the tightness of phytoplankton-grazer coupling. At a given nutrient level, moving from intermediate to shallow mixing depths yields faster growing phytoplankton with a higher C:P ratio during the initial algal peak, i.e., algal productivity and quality as food are inversely correlated. This loosens the coupling of phytoplankton-grazer dynamics and thus extends the duration of the algal peak and delays the grazer peak. In contrast, at a given mixing depth, increasing the nutrient supply yields faster growing phytoplankton with a lower C:P ratio during the initial algal peak, i.e., algal productivity and quality are positively correlated. This tightens the coupling of phytoplankton and grazers and speeds up transient dynamics, except at the deepest mixing depths where low light supply causes predominant energy limitation of algal and grazer growth rates.
Generally, the phytoplankton-grazer coupling is tightest at the highest nutrient levels, where algal quality changes the least in response to light enrichment. Consequently, the timing of transient events shows the flattest response to changes in mixing depth when nutrient supply is very high (!50 mg P/m 3 , Fig. 2 ). At the same time, the amplitudes of transient oscillations are highest (have higher maxima and lower minima) when the phytoplankton-grazer coupling is tightest. In contrast lower algal quality constrains the energy flow to the grazer and reduces the amplitude of the transient oscillations and thus stabilizes the phytoplanktongrazer interaction (see also Loladze et al. 2000 , Diehl 2007 . This is in line with McCann's (2000) suggestion that weak interactions stabilize food web dynamics.
Comparison of experimental data with model expectations
The experimental system differed from the model in that the former included a diverse phytoplankton community containing both edible and inedible taxa. While we were able to separate out the dynamics of the edible phytoplankton, the C:P ratio could only be determined for bulk seston. With these caveats in mind, there was nevertheless rather good qualitative agreement between experimental results and expectations from the flexible stoichiometry model, whereas several expectations from the fixed stoichiometry model were not corroborated. In particular, the fixed stoichiometry model could not explain the decrease in algal C:P ratio PLATE 1. The experimental raft with 24 enclosures at Lake Brunnsee, Germany, with (from left to right) C. Matauschek, A. Wild, and C. Ja¨ger. Photo credit: S. Diehl. and the acceleration of transient dynamics with nutrient enrichment, as well as the increase in algal C:P ratio and the deceleration of transient dynamics with light enrichment (decreasing mixing depth). Clearly, the observed qualitative influences of nutrient and light enrichment on transient dynamics of edible phytoplankton and Daphnia are in much better agreement with the predictions from the flexible than the fixed stoichiometry model. The flexible stoichiometry model prediction that nutrient effects should be stronger in shallower systems was, however, only born out by Daphnia peak biomass. The remaining metrics did not converge toward deeper mixing depths, largely because unfertilized treatments showed in most cases only weak trends along the mixing depth gradient. Unfertilized treatments deviated from model assumptions in that there was no measurable SRP at the beginning of the experiment, but a fairly large fraction of dissolved organic P, which is largely unavailable to phytoplankton. Severe nutrient deficiency of the initial phytoplankton community probably explains the persistently high seston C:P ratios in all unfertilized enclosures. Because of low seston quality, phytoplankton-grazer dynamics should have been only loosely coupled, which may explain the delayed timing of the Daphnia peak and the algal minimum even at deep mixing depths.
The absence of an initial algal peak in most fertilized enclosures was unexpected and contrasts with observations from a similar experiment conducted in spring (Berger et al. 2007 ). The initial decline of algal biomass cannot be explained by grazing pressure, which ranged from ,0.01 to maximum 0.04 per day on days À7 to 7 (as estimated from empirical body length-filtration rate relationships [Knoechel and Holtby 1986] ). Possibly, the lack of an algal peak was related to a concomitant shift in the taxonomic composition of the algal community from an initial dominance of central diatoms, dinoflagellates, and the chlorophyte Oocystis toward pennate diatoms and the chlorophytes Scenedesmus and Coenochloris (C. G. Ja¨ger, unpublished data).
Finally, in contrast to expectations from both models, we did not observe a unimodal response of Daphnia peak biomass to mixing depth in the fertilized treatments. Lower Daphnia peak biomasses at the shallowest depths are predicted because high sinking losses are assumed to turn a large fraction of algal biomass into sedimented detritus. In contrast sedimented algae probably continued to photosynthesize at the relatively well-lit bottom of the shallow enclosures (.35% of incident radiation reached down to 1 m depth), where they remained accessible to grazing by Daphnia.
Transient dynamics and the paradox of energy enrichment
For some parameter sets the flexible stoichiometry model may have an equilibrium consisting of a high density of low quality (high C:P) algae with Daphnia being extinct. Along a gradient of light enrichment, this equilibrium may either appear suddenly as an alternative attractor to a preexisting phytoplankton-Daphnia state or it may emerge from a phytoplankton-Daphnia equilibrium, where Daphnia biomass decreases with light enrichment (Diehl 2007) . The latter phenomenon has been termed the ''paradox of energy enrichment'' (Loladze et al. 2000) . In our model the paradox of energy enrichment occurs in a rather limited parameter space of very high light supply combined with very low nutrient supply (Diehl 2007) . A ''ghost'' of the phytoplankton-only attractor can, however, be seen as a transient phenomenon in adjacent parameter space, where it produces a long-lasting initial algal peak with a high algal C:P ratio (Fig. 1a) . Because of low food quality, the grazer population grows very slowly in spite of high food abundance and only slowly grazes down the algal peak.
The duration of this transient algal peak may exceed the length of the growing season in a temperate lake. The parameter space producing the paradox of energy enrichment as a transient phenomenon should therefore be larger than predicted solely based on asymptotic model behavior. Transient peaks of high C:P algal biomass persisting for up to 90 days have indeed been reported from experiments with Daphnia feeding on chlorophytes (Sommer 1992 , Nelson et al. 2001 , Urabe et al. 2002 . Given the absence of transient phytoplankton peaks in most of our enclosures we found no evidence of such system behavior. On the contrary, Daphnia peak biomass increased with light enrichment (decreasing mixing depth) along the entire mixing depth gradient even in the unfertilized enclosures where the paradox of energy enrichment would be most likely. This discrepancy between observations and theory suggests that there may be a factor or mechanism masking or mitigating the paradox of energy enrichment in natural communities. For example Daphnia can feed on diverse organisms including bacteria, microzooplankton, and mixotrophs in addition to autotrophic algae. Because C:P ratio of these hetreotrophs and mixotrophs is generally low (Katechakis et al. 2005) , feeding on these organisms would act as a buffer against negative effects of enrichment.
Outlook
We have studied transient phytoplankton-Daphnia dynamics under constant environmental conditions. However, in temperate lakes, the observed intrinsic oscillations interact with climate driven environmental forcing to produce a diverse pattern of seasonal dynamics (Scheffer et al. 1997) . Spring successional patterns in temperate lakes appear to be in good agreement with our model predictions. They often show relatively fast and pronounced transient oscillations in nutrient rich lakes and slower dynamics with less pronounced peaks and troughs in nutrient poor lakes ). More research on the interaction of these intrinsic and extrinsic forces is required to gain a better understanding of how climate influences seasonal plankton dynamics (Scheffer et al. 2001 , De Senerpont Domis et al. 2007 ). Global climate change has already been described to affect the timing of events in seasonal plankton succession (e.g., Straile 2002, Winder and Schindler 2004) . Our modeling approach, which explicitly recognizes flexible algal nutrient-to-carbon stoichiometry, may prove a particularly useful tool in future research, because global climate change will influence temporal patterns of thermal stratification and terrestrial runoff and, thus, the light and nutrient supply to lakes.
